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Ni-YSZ  cermet  is  commonly  used  as  the  anode  of  a  solid  oxide  fuel  cell  (SOFC)  because  it  has  excellent  elec¬ 
trochemical  performance,  not  only  in  hydrogen  fuel,  but  also  in  a  clean  blended  synthetic  coal  syngas  mix¬ 
ture  (30%  H2, 26%  H20, 23%  CO,  and  21%  C02 ).  However,  trace  impurities,  such  as  phosphine  (PH3 ),  in  coal- 
derived  syngas  can  cause  degradation  in  cell  performance  [J.P.  Trembly,  R.S.  Gemmen,  D.J.  Bayless,  J.  Power 
Sources  163  (2007)  986-996].  A  commercial  solid  oxide  fuel  cell  was  exposed  to  a  syngas  with  10  ppm 
PH3  under  a  constant  current  load  at  800  °C  and  its  performance  was  evaluated  periodically  using  electro¬ 
chemical  methods.  The  central  part  of  the  anode  was  exposed  directly  to  the  syngas  without  an  intervening 
current  collector.  Post-mortem  analyses  of  the  SOFC  anode  were  performed  using  Raman  spectroscopy, 
X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  energy  dispersive  spectroscopy  (EDS)  and 
X-ray  photoelectron  spectroscopy  (XPS).  The  results  show  that  the  impurity  PH3  caused  a  significant  loss 
of  the  Ni-YSZ  anode  electrochemical  performance  and  an  irreversible  Ni-YSZ  structural  modification. 
Ni5P2  was  confirmed  to  be  produced  on  the  cell  surface  as  the  dominant  nickel  phosphorus  phase. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  standard  SOFC  composition,  Ni-YSZ  cermet  anode  plus  YSZ 
electrolyte  plus  LaSrMn03  cathode,  can  directly  use  coal  syngas 
because  of  its  ability  to  tolerate  the  CO  and  C02  which  are  present 
in  coal-derived  syngas.  There  is  substantial  interest  in  the  effects 
of  gaseous  impurities  contained  in  syngas  on  the  long-term  per¬ 
formance  of  SOFCs  [2].  Besides  sulfur,  thermodynamic  calculations 
suggest  the  presence  of  volatile  impurities  containing  P,  As,  Sb,  Se, 
Cd,  Pb,  and  Hg  in  warm  syngas  [1  ].  This  paper  focuses  on  the  phos¬ 
phorus  impurities.  Volatile  forms  of  phosphorus  under  warm  gas 
cleanup  conditions  include  PH3  and  phosphorus  oxides  [1]. 

Several  researchers  have  reported  the  effects  of  phosphine  in 
syngas  mixtures  on  Ni-YSZ  anodes.  NisP2  was  produced  on  the 
Ni-YSZ  anode  surface  in  the  PH3  testing  reported  by  Trembly 
[3].  Pederson  et  al.  observed  a  delay  in  the  degradation  of  cell 
performance  upon  exposure  to  2-5  ppm  PH3,  and  also  noted  the 
formation  of  nickel  phosphide  phases  on  the  nickel  metal  cur¬ 
rent  collector  and  in  the  Ni/YSZ  composite  anode.  Degradation  was 
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assigned  to  changes  in  the  current  collector  [4].  Zhi  et  al.  exposed 
Ni/YSZ  half  cells  to  a  high  concentration  of  PH3  (20  ppm).  Post¬ 
mortem  analyses  by  X-ray  diffraction  indicated  the  presence  of 
nickel  phosphate  and  zirconyl  phosphate  phases  [5]. 

In  this  paper,  we  report  extended  testing  of  commercial  button 
cells  with  Ni/YSZ  composite  anodes  in  a  syngas  mixture  containing 
10  ppm  PH3.  The  current  collector  is  arranged  to  expose  the  central 
part  of  the  anode  to  the  fuel  gas  mixture  without  any  intervening 
metal  grid  or  metal  paste.  Periodic  evaluation  of  impedance  is  used 
to  follow  the  ohmic  and  polarization  resistances  during  the  exper¬ 
iment.  Extensive  post-mortem  analyses  by  SEM,  X-ray  diffraction, 
Raman  spectroscopy  and  XPS  are  used  to  evaluate  chemical  and 
microstructural  changes  in  the  anode.  These  results  are  compared  to 
the  previous  reports  and  to  thermodynamic  predictions.  The  most 
striking  observation  is  extensive  migration  of  nickel  to  the  anode 
surface  and  into  large  pores  in  the  anode. 


2.  Experimental  methods 

2  A.  SOFC  composition  and  testing 

In  this  study,  commercial  anode-supported  solid  oxide  button 
cells  manufactured  by  Materials  and  Systems  Research  Inc.  (MSRI) 
were  used.  The  cells  consisted  of  five  layers:  (1)  0.8-0.9mm  thick 
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Fig.  1.  Button  cell  contact  configuration. 


Ni-8YSZ  layer  which  supports  the  cell  structure,  (2)  25-p.m  thick 
highly  catalytic  Ni-8YSZ  mixture  interlayer,  (3)  20-p.m  thick  8YSZ 
(YSZ)  electrolyte,  (4)  25-p.m  thick  La0.8Sro.2Mn03  (LSM)-8YSZ  inter¬ 
layer,  and  (5)  50- pan  thick  current-collection  layer  made  of  LSM. 
The  cell  effective  area  (cathode  area)  is  2  cm2  [6].  A  platinum 
current-collection  mesh  was  attached  to  the  cell  cathode  using  plat¬ 
inum  paint.  A  pair  of  platinum  current-collection  meshes  separated 
by  0.5  cm  was  symmetrically  attached  on  the  cell  anode  using  nickel 
paste.  The  anode  center  was  directly  exposed  to  the  injected  fuel 
without  any  intervening  current  collector  or  metal  paste  so  that 
the  impurity  effects  on  the  cell  anode  can  be  directly  observed  and 
identified  (Fig.  1).  The  two  ends  of  the  cathode  and  two  ends  of 
the  anode  current-collection  meshes  were  connected  by  thick  sil¬ 
ver  wires;  two  thin  voltage-sensing  wires  were  connected  to  the 
cathode  and  anode  current-collection  meshes.  Pure  nickel  and  YSZ 
coupons  were  placed  on  the  Pt  meshes  of  the  anode  to  serve  as  pas¬ 
sive  reactants  for  the  phosphine.  The  SOFC  was  mounted  between 
two  alumina  flanges  using  mica  washers  as  the  sealing  material.  For 
all  tests,  the  button  cell  assembly  was  mounted  in  a  furnace  oper¬ 
ated  at  800  °C.  Alicat  Scientific  mass  flow  controllers  (MFCs)  were 
used  to  control  the  fuel  and  air  stream  flow  rates  and  compositions. 
MFCs  were  used  to  control  the  flow  rates  of  H2,  FI20,  CO,  C02 ,  N2/PH3 
(1000  ppm  PFI3  in  nitrogen)  and  air  separately.  A  temperature- 
controlled  humidifier  was  used  to  adjust  the  FI20  concentration  of 
the  simulated  coal  syngas  provided  to  the  anode.  The  total  syngas 
fuel  flow  rate  was  kept  at  approximately  200  ±2  seem  (standard 
cubic  centimeters  per  minute)  and  the  air-flow  rate  was  kept  at 
approximately  300  ±  2  seem.  The  anode  fuel  transfer  lines  were  pre¬ 
heated  to  prevent  water  condensation  between  the  humidifier  and 
furnace.  CO,  C02  and  PFI3  were  injected  downstream  of  the  anode 
humidifier  close  to  furnace  to  ensure  all  trace  species  injected  into 
the  stream  reached  the  anode  of  the  SOFC. 

2.2.  Electrochemical  testing  of  SOFC 

The  “as-received”  SOFC  was  heated  from  room  temperature 
to  800  °C  at  a  rate  of  7°Cmin-1.  During  the  heating  period,  the 
anode  was  provided  100  seem  of  N2  and  the  cathode  was  provided 
100  seem  of  air.  Once  the  SOFC  reached  800  °C,  the  anode  of  the 
button  cell  was  reduced  by  providing  fuel  flow  containing  10%  H2 
and  the  balance  N2  for  approximately  2  h.  After  this  time,  50%  H2 
and  50%  N2  were  fed  for  another  hour  in  order  to  complete  the 
reduction.  The  cell  open  circuit  voltage  was  stable  1.061  ±  0.001  V 
with  humidified  H2  (3%  H20)  as  the  fuel.  The  open  circuit  voltage 
(OCV)  was  less  than  theoretical  value  of  1.100  V  with  97%  H2,  3% 
FI20  on  the  anode  side  and  air  (21%  02)  on  the  cathode  side  pre¬ 


sumably  because  of  slight  leakage  around  the  cell  seals  and  possibly 
through  the  electrolyte.  Then,  0.25  A  cm-2  direct  current  (DC)  was 
loaded  for  a  current  treatment  overnight  (14  h).  The  constant  DC 
current  density  load  was  supplied  by  a  solid-state  loaded  cell  (TDI 
Transistor  Device  SD-103).  After  loading  the  SOFC  at  constant  cur¬ 
rent  density  0.5  A  cm-2  for  another  24  h,  the  cell  voltage  stabilized 
at  0.715  ±  0.001  V.  Upon  shifting  to  syngas  fuel  (nominal  concentra¬ 
tion  30%  H2, 26%  H20, 23%  CO,  and  21%  C02),  the  cell  OCV  decreased 
to  0.962  ±  0.002  V.  After  the  cell  voltage  stabilized  at  0.611  ±  0.003  V 
under  a  loading  current  density  of  0.5  A  cm-2  for  26  h,  10  ppm  PFI3 
was  injected  in  the  fuel  stream.  The  cell  polarization  curve  and 
impedance  spectra  were  taken  at  Oh,  46 h,  100 h,  160 h  and  250 h 
after  adding  PFI3.  The  impedance  spectra  were  collected  using  a 
Solartron  SI  1260  impedance/gain-phase  analyzer  with  AC  ampli¬ 
tude  of  20  mV  at  frequencies  ranging  from  100  kFIz  to  0.1  FIz.  After 
exposure  to  syngas  with  10  ppm  PH3  for  250  h,  the  anode  side  of  cell 
was  purged  with  N2  and  cooled  down  from  800  °C  to  room  temper¬ 
ature  in  about  3  h  still  under  the  N2  purge.  To  check  the  reversibility 
of  poisoning  effects  of  PH3,  one  of  the  PH3-poisoned  cells  was  run 
under  the  same  conditions  except  that  the  fuel  was  changed  to  H2 
for  12  h  after  the  prolonged  exposure  to  PH3 -contaminated  syngas. 
The  loss  of  performance  of  cell  was  not  reversed,  but  the  cell  did 
not  continually  degrade. 

2.3.  Morphology  and  structural  analysis 

The  surface  and  cross-section  microstructure  of  the  cell  anode 
were  examined  with  a  Hitachi  S-4700  SEM  with  EDS.  To  determine 
the  composition  of  the  anode,  XRD  (Panalytical  X’Pert  PM- 
3040  PRO)  system,  Raman  microscope  (HORIBA  LabRAM  ARAMIS, 
532  nm  laser)  and  XPS  (PHI  5000  VerasProbe  XPS  Microprobe)  were 
employed.  Thermodynamic  analysis  is  carried  out  with  a  FACTSAGE 
5.4  software  package  to  predict  the  predominant  phase  diagram 
under  cell  operating  condition  by  calculating  the  minimum  Gibbs 
free  energy  change  of  the  defined  reactions. 

3.  Experimental  results 

3.1.  Polarization  curves  and  impedance  spectra 

After  accounting  for  slight  increases  in  cell  performance  dur¬ 
ing  burn-in,  the  SOFC  performance  (voltage  at  a  constant  current 
density)  is  stable  over  24  h  in  coal  syngas.  The  cell  performance 
degrades  immediately  upon  introduction  of  PH3  (Fig.  2).  Perfor¬ 
mance  loss  is  seen  at  nearly  all  current  densities  (Fig.  3).  At  a 


Fig.  2.  The  cell  voltage  versus  time  under  load  0.5  A  cm-2  operating  on  syngas  before 
and  after  adding  10  ppm  PH3  at  800  °C. 
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Fig.  3.  The  polarization  curves  of  Ni-YSZ  anode-supported  button  cell  during  expo¬ 
sure  to  syngas  before  and  during  addition  of  10  ppm  PH3  at  800  °C. 


Fig.  5.  The  cell  ohmic  resistance  R ^  and  polarization  resistance  Rp  versus  time  after 
adding  10  ppm  PH3. 


constant  current  load  of  0.5  A  cm-2,  the  cell  voltage  degradation 
rate  is  a  constant  0.46  mV h-1  (Fig.  2).  The  cell  OCV  consistently 
remains  at  0.962  V.  The  dominant  anodic  process  is  assumed  to  be 
H2  oxidation,  with  the  CO  consumed  by  the  water-gas  shift  equilib¬ 
rium  [7].  At  the  diffusion  limited  region  near  zero  cell  voltage,  the 
cell  current  density  initially  decreases,  but  increases  after  exposure 
to  10 ppm  PH3  for  100 h  (Fig.  3).  This  abnormal  behavior  is  unex¬ 
pected,  since  the  cell  concentration  polarization  should  increase 
with  degradation  of  the  cell.  Three  separate  MSRI  cells  have  been 
tested,  and  all  three  tests  showed  the  same  abnormal  trend. 

The  impedance  spectra  under  a  DC  bias  of  0.662  V  shows  that 
the  ohmic  resistance  Rq  (high  frequency  intercept  withZ'  axis)  and 
the  total  polarization  resistance  Rtotai  (low  frequency  intercept  with 
Z"  axis)  increase  with  increasing  time  of  exposure  to  PH3  (Fig.  4). 
Before  adding  PFI3,  the  cell  ohmic  resistance  and  total  polariza¬ 
tion  resistance  (area  specific  resistance)  are  about  0.22  £2  cm2  and 
0.55  £2  cm2.  After  adding  PFI3  for  250  h,  they  are  0.325  £2  cm2  and 
0.88  £2  cm2 ,  respectively.  The  difference  between  Rtotai  and  Rq  is  the 
polarization  resistance  Rp  which  is  associated  with  activation  and 
concentration  polarization  effects.  These  resistances  increase  in  lin¬ 
early  with  time  (Fig.  5).  The  Rtotai  increase  rate  is  1.29  m£2  cm2  h-1 
which  is  three  times  the  Rq  increase  rate  of  0.42  m£2  cm2  h-1.  The 
polarization  resistance  Rp  increase  rate  is  about  0.87  m£2  cm2  h-1. 


Fig.  4.  The  normalized  impedance  spectrum  of  Ni-YSZ  anode-supported  button  cell 
during  exposure  to  syngas  before  and  during  exposure  to  10  ppm  PH3  at  800  °C. 


3.2.  SEM  micrograph  and  EDS  spectra 

Photographs  of  a  clean  reduced  cell  and  the  post-mortem  cell 
anode  are  shown  in  Fig.  6.  In  the  post-mortem  picture  (Fig.  6(b)), 
a  colored  oval  pattern  at  the  center  of  the  anode  has  appeared 
just  under  the  quarter-inch  alumina  fuel  inlet  tubing.  The  exposed 
anode  surface  area  is  metallic  in  appearance,  which  implies  a 
change  of  Ni-YSZ  composition  and  pore  structure. 

An  SEM  image  of  the  anode  surface  after  prolonged  exposure  to 
10  ppm  PH3  is  shown  in  Fig.  7(a).  For  comparison,  the  outer  surface 
of  a  reduced  anode  never  exposed  to  PFI3  is  provided  in  Fig.  7(b).  The 
poisoned  anode  surface  shows  significant  losses  of  pore  structure 
and  agglomeration  of  material  on  the  open  surface  area. 

The  cross-section  image  in  Fig.  8(a)  shows  that  the  Ni  has 
migrated  to  the  top  surface  to  become  a  layer  while  Ni  particles 
are  fused  together  in  big  chunks  in  the  pores.  Ni  weight  concen¬ 
trations  by  EDS  spectra  scan  are  given  at  the  five  spots.  The  Ni 
weight  concentration  is  86%  at  spot  No.  1  on  the  top  layer,  which  is 
much  higher  than  that  of  clean  reduced  anode  (60-63%).  The  low 
Ni  weight  concentration  18%  at  spot  No.  2  is  just  under  the  top  layer. 
The  No.  3  and  5  spots  are  composed  of  59%  and  56%  nickel,  respec¬ 
tively,  which  is  consistent  with  untreated  anode.  Spot  No.  4  (83% 
Ni)  appears  to  be  a  nickel  chunk  formed  in  a  former  cavity.  Similar 
morphological  changes  of  Ni-YSZ  anode  after  PFI3  exposure  have 
been  found  in  the  previous  study  [4,8].  Flowever,  this  study  uses 
an  anode  with  an  open  center  directly  exposed  to  the  contami¬ 
nant  downstream.  Consequently,  the  Ni  migration  in  anode  and  to 
the  anode  surface  is  clearly  independent  of  the  current-collection 
mesh  cover.  The  cross-section  image  of  the  clean  reduced  anode 
in  Fig.  8(b)  displays  the  same  porous  Ni-YSZ  matrix  as  the  anode 
surface  image  in  Fig.  7(b).  There  are  no  Ni  chunks  evident  in  the 
clean  anode  like  those  in  the  PH3-poisoned  cell  image  in  Fig.  8(a). 
In  the  larger  scale  view  of  the  cell  cross-section  in  Fig.  9(a),  the 
microstructure  of  the  top  200-300  p,m  depth  around  the  cell  cen¬ 
ter  is  significantly  reconstructed  by  exposure  to  PFI3.  In  the  very  top 
layer,  the  pore  structure  has  all  but  vanished.  Compared  to  the  clean 
reduced  cell  anode  cross-section  image  (Fig.  9(b)),  the  reconstruc¬ 
tion  effect  by  PFI3  impurity  can  be  clearly  identified.  The  greater 
depth  of  structural  change  coincides  with  the  current  lines  at  the 
cell  center. 

The  EDS  spectra  (Fig.  10(a  and  b))  show  the  change  of  the  compo¬ 
sition  on  the  anode  surfaces  of  a  clean  reduced  anode  and  the  PFI3 
poisoned  anode,  respectively.  The  nickel  peak  at  0.860  keV  becomes 
much  stronger  relative  to  the  overlapping  Y  and  Zr  peaks  after  the 
cell  anode  is  exposed  to  PFI3.  Deconvolution  of  the  peak  at  2.02  keV 
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(a)  (b) 


Fig.  6.  (a)  Clean  reduced  cell  anode  and  (b)  post-mortem  PH3 -poisoned  cell  anode  side  image. 


Fig.  7.  (a)  The  cell  anode  surface  SEM  micrograph  after  exposure  to  syngas  with  10  ppm  for  250  h  and  (b)  the  clean  reduced  cell  anode  surface  SEM  micrograph  for  comparison. 


suggests  that  phosphorous  is  present  on  the  surface.  The  carbon 
signal  is  not  significant  for  both  of  spectra  which  indicate  that  the 
syngas  composition  used  in  these  experiments  does  not  result  in 
much  coke  or  carbon  contamination  on  the  Ni-YSZ  anode. 

These  data  clearly  indicate  that  nickel  migrates  to  the  outer 
surface  of  the  anode  and  that  nickel  particles  are  redistributed 


(a) 


inside  the  anode  upon  exposure  to  PH3.  The  redistribution 
of  nickel  affects  multiple  parameters  important  to  the  per¬ 
formance  of  the  anode,  such  as  the  triple  phase  boundary 
(TPB)  length,  fuel  H2  reaction  area,  pore  size,  porosity  and 
tortuosity.  These  microstructural  reconstructions  appear  to  be 
irreversible. 


Fig.  8.  (a)  The  top  50  |jim  cell  anode  cross-section  SEM  micrograph  after  exposure  to  syngas  with  10  ppm  PH3  for  250  h.  EDS  scan  shows  the  Ni  wt.%  on  five  different  spots 
and  (b)  the  top  50  p,m  clean  reduced  cell  anode  cross-section  SEM  micrograph  for  comparison. 
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(a)  (b) 


Fig.  9.  (a)  The  top  500  (Jim  cell  anode  cross-section  SEM  micrograph  after  exposure  to  syngas  with  10  ppm  PH3  for  250  h  and  (b)  the  top  500  p,m  clean  reduced  cell  anode 
cross-section  SEM  micrograph  for  comparison. 


Fig.  11.  XRD  spectra  of  Ni-YSZ  anode  supported  cell  surfaces.  Ni5P2  was  confirmed 
Fig.  10.  The  EDS  spectra  of  the  clean  reduced  Ni-YSZ  anode  surface  (dash  line)  and  t0  be  present  0n  the  anode  surface  of  cell  after  exposure  to  syngas  with  10  ppm  PH3. 
the  Ni-YSZ  anode  surface  after  exposure  to  PH3  for  250  h  (solid  line). 


3.3.  XRD  and  Raman  spectra 

The  evidence  for  nickel  phosphide  compounds  on  the  PH3- 
poisoned  Ni-YSZ  anode  center  is  provided  by  XRD  spectra  in 
Fig.  11  (a  and  b).  The  peak  positions  of  YSZ,  Ni5P2,  Ni,  NiO  and  P205 
are  listed  in  Table  1  by  20  locations  [9-13  ].  Both  spectra  in  Fig.  11(a) 
and  (b)  of  Ni-YSZ  anode  have  YSZ,  Ni  and  NiO  peaks.  There  are 
a  group  of  Ni5P2  peaks  on  the  PFl3-poisoned  Ni-YSZ  anode  spec¬ 
trum  (Fig.  11(a)).  The  other  nickel  phosphide  peaks,  such  as  Ni3P, 
Ni8P3  and  Ni12Ps  [22],  may  overlap  with  the  peaks  of  NisP2.  FIow- 
ever,  two  of  the  signature  peaks  of  Ni5P2  at  45.95°  and  47.66  ±  0.02° 
appear  in  the  spectrum  (Fig.  11(a))  [10],  so  Ni5P2  is  assumed  to  be 
the  dominant  phase.  There  is  a  weak  peak  at  40.31  ±  0.02°,  which 
could  be  one  of  P2Os  main  peaks  [13].  The  clean,  reduced  Ni-YSZ 


anode  spectrum  (Fig.  11(b))  only  shows  the  YSZ,  Ni  and  NiO  peaks, 
and  does  not  exhibit  any  nickel  phosphide  peaks.  The  five  signa¬ 
ture  peaks  of  YSZ  at  20  values  of  30.10°,  34.89°,  50.21°,  59.79°  and 
62.59  ±0.02°  [9]  are  displayed  on  both  the  YSZ  coupon  (Fig.  11(c)) 
and  the  clean  YSZ  sample  (Fig.  11(d))  spectra.  Previously  published 
studies  have  found  specific  cell  operating  conditions  as  well  as  the 
experimental  set-up  greatly  influence  the  reactions  of  phosphorus 
species  in  syngas  with  the  Ni-YSZ  anode  and  the  corresponding 
product  phases.  For  example  it  was  determined  by  thermodynamic 
equilibrium  calculation  that,  for  2  ppm  PFI3  in  syngas,  Ni5P2  would 
most  likely  form  at  the  inlet  of  Ni-YSZ  anode  [1  ].  Marina  et  al.  con¬ 
ducted  a  recent  experimental  study  on  a  Ni-YSZ  anode  supported 
cell,  and  reported  formation  of  Ni3P  on  both  anode  surface  layer  and 
the  Ni  grid  current  collector  covering  the  anode  surface  exposed 


Table  1 

XRD  peak  list  20°. 


The  peak  may  hide  in  the  other  peaks. 
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Fig.  12.  Raman  spectra  of  (a)  a  clean  reduced  Ni-YSZ  anode,  (b)  a  Ni  coupon,  (c)  a 
PH3-poisoned  Ni-YSZ  anode,  (d)  a  nickel  phosphide  sample,  (e)  a  YSZ  coupon  after 
exposure  to  10  ppm  PH3  for  250  h,  and  (f)  a  fresh  clean  YSZ  sample. 

to  2  ppm  PH3  in  syngas  of  a  similar  composition  in  this  study  [8]. 
Despite  the  prior  achievements,  the  degradation  mechanism  for  the 
SOFC  anode  by  phosphine  attack  at  real  operation  conditions  is  still 
needed  to  be  clarified  from  both  theoretical  and  experimental  ends. 
Detailed  thermodynamic  equilibrium  calculation  is  thus  performed 
(see  Section  4.2)  to  further  analyze  the  current  XRD  results  and  elu¬ 
cidate  the  phase-transition  history  for  Ni-YSZ  and  its  effect  on  the 
structural  failure  of  the  anode. 

The  Raman  shift  spectrum  of  the  clean  reduced  Ni-YSZ  anode 
surface  has  the  typical  YSZ  polycrystalline  Raman  shift  peak  at 
623  ±5  cm-1  (Fig.  12(a))  [14].  Also  shown  are  the  Raman  shift 
spectra  of  a  Ni  coupon  (Fig.  12(b)),  and  a  PFl3-poisoned  Ni-YSZ 
anode  surface  center  (Fig.  12(c)),  both  of  which  show  the  three  NiO 
Raman  shift  signature  modes  at  about  560  cm-1,  1080  cm-1  and 
1480  ±  5  cm-1  [15].  The  missing  YSZ  Raman  peak  in  the  spectrum 
for  the  PH3-poisoned  Ni-YSZ  anode  provides  additional  evidence 
that  Ni  and  Ni  compounds  (possibly  NiO  and  nickel  phosphides) 
cover  the  top  Ni-YSZ  anode  surface.  There  is  no  significant  nickel 
phosphide  mode  in  the  Raman  shift  region  between  60  cm-1  and 
2000  cm-1  (Fig.  12(d))  [16].  Both  the  Raman  spectra  (Fig.  12(e  and 
f))  and  the  XRD  spectra  (Fig.  11  (c  and  d))  of  the  YSZ  coupon  and 
a  fresh  clean  YSZ  sample  are  identical,  suggesting  that  the  PFI3 
does  not  attack  YSZ  during  250  h  exposure  in  syngas  at  800  °C,  in 
contradiction  to  an  earlier  report  [5]. 

3 A.  XPS  spectrum 

The  XPS  spectrum  of  the  Ni-YSZ  anode  exposed  to  syngas  with 
10  ppm  PH3  for  250  h  is  shown  in  Fig.  13.  The  major  core  level 
detected  peaks  are  phosphorus  2s,  2p,  carbon  Is,  oxygen  Is,  nickel 
3p  and  LMM.  The  phosphorus  2p  3/2  electron  binding  energy  peak 
is  positioned  at  134.30  ±  0.05  eV  which  implies  that  the  phosphate 
phase,  P2O5  or  P043-,  could  be  present  on  the  sample  surface.  Ni  2p 
3/2  electron  has  two  peaks  at  854.60  ±  0.05  eV  and  856.80  ±  0.05  eV 
which  could  be  assigned  to  nickel  oxide,  nickel  phosphate  or  nickel 
hydroxide  [17,18].  It  should  be  noted  that  there  are  no  significant 
YSZ  peaks  in  the  spectrum  because  the  nickel  and  nickel  compounds 
have  covered  the  surface. 

4.  Discussion 

Al  Cell  degradation  electrochemical  analysis 

By  means  of  electrochemical  impedance  spectra  measurements, 
the  degradation  of  cell  performance  can  be  basically  explained  by 


Fig.  13.  XPS  spectrum  of  Ni-YSZ  anode  exposure  to  syngas  with  10  ppm  PH3  for 
250  h. 


the  increasing  ohmic  resistance  R q  and  polarization  resistance  Rp. 
Our  testing  experience  suggests  that  the  resistances  associated  with 
the  cathode,  electrolyte  and  current  collectors  contact  on  the  anode 
remain  constant  during  250  h  of  this  experiment.  Because  PFI3  was 
only  applied  to  the  anode,  the  total  polarization  resistance  increase 
is  caused  by  the  increase  of  ohmic  resistance  and  polarization  resis¬ 
tance  related  to  the  cell  Ni-YSZ  anode.  Under  this  assumption, 
the  change  of  series  resistance  A R^  can  be  due  to  the  changes  of 
anode  electronic  ohmic  resistances  A Ra^.  The  increase  of  polariza¬ 
tion  resistance  A Rp  can  be  caused  by  the  changes  of  concentration 
polarization  at  the  anode  AR“onc  and  the  change  of  activation  polar¬ 
ization  at  the  anode  AR“ct.  The  change  of  total  polarization  A Rtotai 
can  be  expressed  as 

^Rtotai  —  ARq  +  A  Rp  =  ARaQ  4-  AR“onc  +  A  R“ct  or 

Amoral  =  a  +  A  T]aconc  +  A  r]aact  (1 ) 

where  Arj^,  A rfconc  and  Ar)aaci  are  the  changes  of  anode  ohmic, 
concentration  and  activation  polarization. 

For  the  ohmic  polarization  portion,  rfQ  depends  upon  the  Ni-YSZ 
anode  and  interlayer  thickness,  the  concentration  of  the  Ni  in  the 
anode  cermet,  the  porosity,  Ni  particle  size  and  the  particular 
geometry  of  the  particle-to-particle  contact  of  each  phase  [6].  The 
migration  of  nickel  in  the  anode  can  cause  a  non-uniform  distribu¬ 
tion  of  nickel  particles  which  could  lead  to  the  significant  increase 
of  the  electronic  resistivity  of  both  the  anode  and  anode  active  layer. 

The  dominant  anodic  process  is  assumed  to  be  FI2  oxidation  [7]. 
For  the  concentration  polarization  portion,  r\aconc  is  related  to  the 
Ni-YSZ  anode  microstructure,  H2  and  FI20  partial  pressure  and  load 
current  density  i.  rfconc  can  be  expressed  by  Eq.  (2)  [19]: 


where  P^2  and  P°20  are  the  initial  partial  pressure  of  H2  and  H20 
at  anode  outer  surface,  which  here  are  constant.  R  is  the  ideal  gas 
constant,  Pis  Faraday  constant,  T is  temperature  (I<)  and  i  cell  work¬ 
ing  current  density.  ias  is  anode-limiting  current  density  which  can 
be  expressed  as 


here  Dh2,h2o  is  the  fuel  FI2  and  H20  binary  diffusivity,  V“  is  anode 
porosity,  ra  is  anode  tortuosity  and  la  is  the  thickness  of  anode. 
The  change  of  anode  microstructure  will  change  ias  which  not  only 
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affects  rj“onc  but  also  the  curvature  of  the  polarization  curve  [19]: 


fvjonc  R7-  l 

dP  2F\(ias-i)2 


PH2 


P°H2Oias  +^H2l 


(4) 


If  Eq.  (4)  is  set  to  zero,  then  the  current  density  i*  at  the  inflexion 
point  on  the  polarization  curve  can  be  solved  as 


pO  _  pO 

.*  h2  h2o  . 

'  =  2P°  105 

h2 


(5) 


During  the  test,  the  cell  current  density  slightly  increased  at  the 
diffusion  limited  region  near  zero  cell  voltage  after  exposure  to 
10 ppm  PH3  for  100 h  (Fig.  3).  The  inflexion  point  on  polariza¬ 
tion  curve  shifted  toward  higher  loading  current  density  i,  which 
means  that  ias  was  increased  after  exposure  to  PH3  for  100  h. 
The  cell  concentration  polarization  ij°onc  had  a  decreasing  ten¬ 
dency  according  to  Eq.  (2).  Because  the  gain  of  i  is  very  small 
(Fig.  3),  the  contribution  of  concentration  polarization  nfconc  to 
the  change  of  cell  polarization  A^jf  j  may  not  significant  at  the 
cell  loading  current  /  =  0.5  A  cm-2.  From  the  post-mortem  micro¬ 
graphs  (Figs.  9  and  11),  the  porosity  decrease  can  be  clearly 
seen  at  the  top  anode  layer.  Normally,  the  porosity  V$  and  tortu¬ 
osity  r a  are  related  proportionally.  So  limiting  current  density  ias 
should  decrease  with  decreasing  the  porosity  and  increasing 
tortuosity  ra  which  results  in  the  increase  of  r]“onc.  Under  actual 
cell  working  conditions,  one  possible  explanation  of  increasing  ias 
could  be,  the  presence  of  a  liquid  phase  in  the  anode  (see  Section 
4.2)  which  could  improve  the  fuel  diffusion  processes.  The  anode- 
limiting  current  density  ias  may  be  enhanced  by  the  increased 
net  effect  of  the  anode  porosity,  tortuosity  and  binary  diffusivity 
which  leads  to  a  decrease  of  the  concentration  polarization  r)aconc.  To 
understand  this  abnormal  behavior,  further  in  situ  investigation  is 
needed. 

For  the  activation  polarization  portion,  rj“ct  is  related  to  the 
Ni-YSZ  anode  material  properties,  microstructure,  exchange  cur¬ 
rent  density  ig  on  triple  phase  boundary  (TPB)  and  current  density. 
The  exchange  current  density  ig  depends  upon  the  H2  partial  pres¬ 
sure  and  the  TPB  length,  which  is  itself  influenced  by  the  size  and  the 
number  of  electro-catalyst  particles  (Ni  particles)  per  unit  area  very 
near  the  electrolyte  surface.  The  loss  of  TPB  length  and  porosity  can 
be  a  major  contribution  of  reducing  the  exchange  current  density. 
So  the  changes  of  Ni-YSZ  microstructure  and  composition  have  a 
major  influence  on  the  activation  polarization  rfaCt.  At  constant  cur¬ 
rent  i,  the  activation  polarization  r\aact  increases  with  a  decrease  of 
the  exchange  current  density  ig. 


4.2.  Thermodynamic  and  phase  transition  analysis 


At  800  °C,  the  calculated  thermodynamic  phase  diagram  by 
FACTSAGE  software  shows  that  PH3  can  potentially  react  with  Ni 
(Fig.  14).  Under  the  cell  working  conditions,  reactions  (6)-(8)  rep¬ 
resent  the  three  possible  nickel  phosphide  products  that  can  form  in 
the  cell  anode.  The  changes  of  Gibbs  free  energy  (AG)  are  negative 
values  in  these  reactions  at  800  °C  (1073  K): 

2PH3(g)  +  4Ni  =  2Ni2P(s)  +  3H2(g) 

AG(1073I<)  =  -431.53  kj  (6) 


10PH3(g)  +  12Ni(s)  =  2Ni6P5(s)  +  15H2(g) 

AG(1073I<)  =  -1845.84  kj  (7) 


2PH3(g)  +  5Ni(s)  =  Ni5P2(s)  +  15H2(g) 

AG(1073I<)  =  -495.07  kj  (8) 


log10(P(O2)  (atn) 


Fig.  14.  The  thermodynamic  phase  diagram  shows  that  10  ppm  (10-5crrr3)  PH3 
impurity  is  potentially  capable  of  reacting  with  Ni  in  the  reducing  environment. 


The  predominant  phase  diagram  calculated  by  FACTSAGE  in 
Fig.  14  indicates  Ni2P  and  NigPs  are  the  most  favorable  products 
at  800  °C  for  10  ppm  nominal  concentration  level  of  PH3.  As  the  cell 
operating  temperature  increases  (due  to  current  passage),  Ni5P2 
may  also  occur  as  a  secondary  phase.  Further  analysis  revealed 
these  nickel  phosphide  compounds  can  be  in  both  solid  and  liquid 
states  under  the  cell  working  conditions.  The  Ni-P  phase  diagram 
(Fig.  15)  [20]  shows  that  the  solid-liquid  phase  transition  tem¬ 
perature  is  as  low  as  800  °C  for  nickel  phosphide  with  over  40% 
phosphorus  atom  concentration,  which  is  the  eutectic  composi¬ 
tion  between  Ni2P  and  the  intermediate  phase  Ni5P4  [19].  Under 
0.5  A  cm-2  current  density  loading,  the  local  temperature  of  cell 
anode  center  can  be  20  °C  higher  than  the  furnace  temperature  of 


Fig.  15.  P-Ni  phase  diagram.  The  cell  working  condition  could  fall  well  within  the 
region  marked  by  circle. 
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800  °C  [21  ].  With  10  ppm  PH3  added  continually  to  the  cell  surface 
over  hundreds  of  hours,  the  phosphorus  atom  concentration  at  the 
center  of  anode  surface  could  be  high  enough  to  liquefy  nickel  phos¬ 
phide  compound.  The  presence  of  a  liquid  nickel  phosphide  phase, 
most  possibly  Ni2P  in  this  case,  explains  how  the  nickel  migrates  to 
the  cell  anode  surface  and  intrudes  into  the  pore  space  inside  the 
anode  structure. 

When  the  cell  was  cooled  down  from  1073  K  to  room  temper¬ 
ature  with  N2  purge,  Ni5P2  was  produced  as  a  dominant  nickel 
phosphide  in  the  nickel  rich  and  PH3 -absent  environment: 

2Ni2P(s)  +  Ni(s)  =  Ni5P2  AG(873I<)  -  -64.73  kj  (9) 

2Ni6P5(s)  +  13Ni(s)  =  5Ni5P2  AG(873K)  =  -675.05  kj  (10) 

This  could  explain  that  why  Ni5P2  is  detected  as  a  major  product 
on  the  PH3  -poisoned  Ni-YSZ  anode  surface.  The  condition  of  the  cell 
cooling  may  affect  the  presence  of  the  final  dominant  nickel  phos¬ 
phide  phase.  Our  finding  of  the  phase  Ni5P2  is  distinct  from  Marina 
et  al.’s  report  of  Ni3P  as  the  product  on  Ni-YSZ  anode  exposed  to 
syngas  with  2  ppm  PH3  [8].  One  possibility  that  could  lead  to  the 
different  findings  is  that  our  study  uses  an  exposed  Ni-YSZ  anode 
center.  If  Ni  mesh  is  placed  at  the  anode  center  as  current  collector, 
the  as-formed  nickel  phosphide  liquid  phase  at  cell  operating  tem¬ 
perature  can  readily  migrate  to  the  anode  surface,  and  be  reduced 
in  situ  by  the  excess  Ni  constituent  to  form  Ni3P  [15]. 

Thermodynamic  calculations  at  300  K  indicate  that  Ni(OH)2  is 
the  sole  equilibrium  phase  for  the  Ni,  P,  O  and  H  system  under  quite 
low  H2  partial  pressure.  However  this  calculation  represents  the 
case  for  complete  system  phase  transition  after  a  thermodynam¬ 
ically  long  period.  At  room  temperature,  such  phase  transitions 
may  become  kinetically  very  slow.  Thus  the  N2 -quenching  pro¬ 
cedure  may  prevent  most  of  the  nickel  phosphide  formed  at 
high  temperature  from  transforming  to  nickel  hydroxide.  This 
hypothesis  is  supported  by  the  XRD  finding  of  Ni5P2  peaks.  Addi¬ 
tionally,  more  than  one  reaction  path  may  still  exist  for  the  nickel 
phosphide  phase  transition.  When  the  nickel  phosphide  at  the 
anode  surface  is  exposed  to  air  and  moisture  at  room  temper¬ 
ature,  the  following  reaction  becomes  thermodynamically  quite 
favorable: 

Ni5P2(s)  +  502(g)  +  2H20(1)  =  Ni3(P04)2(s)  +  2Ni(OH)2(s) 
AG(300K)  =  -4104.6  kj  (11) 

The  XPS  study  does  show  formation  of  phosphate  species  on  the 
anode  surface,  which  can  result  from  the  transition  of  nickel  phos¬ 
phide  to  phosphate  (Eq.  (11))  under  oxygen-rich  condition.  Similar 
XPS  results  have  been  reported  in  the  literature  [5,8].  However,  this 
transition  should  be  limited  to  a  very  superficial  region  due  to  slow 
kinetics,  as  it  only  initiates  when  the  sample  is  totally  cooled  down 
and  exposed  to  air  at  room  temperature. 

5.  Conclusion 

The  long-term  test  of  a  Ni-YSZ  anode-supported  SOFC  cell 
exposed  to  syngas  with  10  ppm  PH3  impurity  has  been  evaluated. 
Dramatic  and  irreversible  degradation  of  cell  performance  (loss  of 
voltage  at  constant  current,  increase  in  both  ohmic  and  polarization 
resistance)  is  assigned  to  the  functional  deterioration  of  the  Ni-YSZ 
anode,  particularly  the  active  layer  near  the  electrolyte.  Accord¬ 
ing  to  thermodynamic  analysis,  nickel  can  react  with  phosphine 


under  these  operating  conditions  and  form  liquid  nickel  phosphide 
phases.  This  mechanism  is  proposed  to  explain  the  migration  of 
nickel  particles  to  the  exposed  anode  surface  and  agglomeration 
of  nickel  in  the  pores  of  the  anode.  Ni5P2  is  identified  as  the  major 
product.  The  changes  of  ohmic  resistance  and  the  polarization  resis¬ 
tance  are  tentatively  assigned  to  the  nickel  redistribution,  most 
likely  in  the  active  composite  layer  next  to  the  electrolyte.  The 
polarization  resistance  increase  can  also  be  attributed  to  the  loss  of 
porosity  and  TBP  length.  While  the  investigation  presented  in  this 
paper  is  based  on  10  ppm  PH3  which  may  be  more  than  is  usually 
present  in  coal  syngas,  the  results  suggest  that  a  lower  PH3  impurity 
concentration  (e.g.,  ~2  ppm)  in  the  coal-derived  syngas  may  cause 
significant  degradation  of  a  Ni/YSZ  anode  on  a  time  scale  desired 
by  DOE  goals  [1,2]. 
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